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Introduction
Microbial fuel cells (MFC) are a promising technology in the treatment of wastewater and simultaneous electricity generation. However, there are operational and technological challenges that prevent the use of MFCs for practical applications. The major hurdles are coulombic losses, high internal resistances, poor reaction kinetics of the oxygen reduction reaction (ORR) at the cathode and development of pH gradients across the membrane all of which affect the performance of the system [1] .
The efficiency of the oxygen reduction reaction (ORR) at the cathode is affected by high overpotentials at the electrode and oxygen mass transfer limitation. Although platinum is currently the most effective and commonly used catalyst, its high cost and unsustainability hinders the scaling up of MFCs. Transition metal based catalysts such Mn, Co, V and their oxide forms have been used as cathode catalysts in MFCs as a replacement for platinum [2] [3] [4] . These catalysts have produced power comparable to Pt but they are also unsustainable and are not stable. The possible leaching of the metals into the environment and their toxic effects is a concern [5] .
To improve the cathode reaction and reduce the cost, bio-cathodes such as microorganisms and enzymes have been investigated for their catalytic activity. Oxidoreductase enzymes such as manganese peroxidase (MnP), bilirubin oxidase and laccase have been utilised as catalysts at the cathode of MFCs [6] [7] [8] . Enzymes are sustainable and their production is more environmentally friendly compared to metal-based catalysts. Enzymes (e.g. laccase) have an advantage over microorganisms as a biocathode in the sense that they do not need a carbon source (and other nutrients) to maintain them. The use of a carbon source would not only add to the operational costs but also add COD to a system whose objective is partly to remove COD from wastewater.
Laccase is a multi-copper containing oxidoreductase enzyme. It is capable of one electron oxidation of other substrates and four electron reduction of O2 to H2O [9] . Laccase from the fungi Trametes versicolor is thermodynamically favourable for oxygen reduction at the cathode due to its high redox potential (780 mV vs NHE). The cost of commercially available laccase is only a fraction of platinum on a mass basis. was obtained from laccase immobilised in hydrogel with ABTS as mediator on a platinum based electrode [10] .
The use of enzymatic cathodes is however, limited by the poor stability of the enzymes in the system. In a fuel cell the lifetime of the enzymes typically vary from 7-10 days [11] .
Rubenwolf et al, 2012 investigated the deactivation of laccase from T. versicolor in citrate buffer (pH 5) at room temperature. They observed that the enzyme remained stable for 2 days after which there was constant deactivation rate with a half-life of 7 days. A MFC operating with laccase air breathing cathode catalyst had a 4% drop in voltage after 4.75 days [12] .
Laccase cost on an electrode in a microbial fuel cell was shown to retain its activity for a period of 30 days [7, 13] .
Laccases from fungi were shown to be inhibited by environmental factors such as pH [14] .
The pH optima for fungal laccase with ABTS as substrate is in the range of 3-5. pH affects the total net charge of enzymes and the distribution of charges on their exterior surfaces and these changes affect the activity and structural stability of the enzyme.
In a MFC the oxidation of substrate by the microorganisms in the anode produces protons and electrons. The incomplete transfer of protons across the membrane results in an acidic environment at the anode and the movement of cations to the cathode increases both the salinity and pH in the cathode chamber. pH gradients have adverse effects on the performance of MFCs by interfering with metabolic activity in the anode and increasing potential losses at the cathode. According to the Nernst equation these pH gradients cause high anodic equilibrium potential and/or low cathodic equilibrium potential that significantly lowers the cell voltage and causes a loss of ~60 mV per 1 pH change [1, 15] . Fokina et al, 2015 have observed that increase in pH by one unit caused a decrease in oxygen reduction potential in the range of 30-80 mV in a biofuel cell using laccase as cathode catalyst [16] .
Changes in charges with pH can also affect the activity, structural stability and solubility of enzymes. Salinity affects the movement of charged groups and the solubility (hence activity and stability) of enzymes.
In order to increase the stability of laccase in MFC cathodes and improve MFC performance various strategies (Section 2.1) to mitigate pH changes in the cathode chamber were explored in this study. The investigation was carried out in the context of treatment of azo dye containing wastewater.
Materials and Methods

Experimental design
The MFC used in the study was the 'H'-type reactor with a working volume of 200 ml in each chamber. The electrodes were constructed from carbon fibre (non-woven) with a surface area of 25 cm 2 . Four systems were set up to mitigate pH changes in the cathode chamber. System 1 which will be referred to as 'Nafion' involved using Nafion 117 as the ion exchange membrane. System 2 referred to as 'pH control' involved automatically controlling the pH in the cathode through feedback control by addition of acid or base. System 3 referred to as 'buffer strength' involved using a buffer of higher strength 200 mM compared to other systems have used 100 mM acetate buffer (pH 4.5) as buffer. System 4 referred to as 'CEM' involved using CMI7000 membrane as the ion exchange membrane. These conditions are summarised in Table 1 including a rationale for each.
The composition in the anode was the same for all the reactors. The anolyte consisted of minimal salts medium containing (per litre): 0.46 g NH4Cl, 0.22 g (NH)2SO4, 0.117 g MgSO4, 7.7 g Na2HPO4.7H2O, 2.87 g NaH2PO4 along with 1% (v/v) trace minerals as described by [18] and 1% (v/v) vitamin mix as described by [19] . The carbon source was pyruvate at a concentration of 1 g L -1 and casein hydrolysate was added at 500 mg L -1 . The pH of the anolyte was initially adjusted to 7.
The catholyte for systems 1, 2 and 4 was 100 mM acetate buffer with laccase freely suspended at a pH of 4.5. System 3 consisted of 200 mM acetate buffer with laccase suspended at pH 4.5.
Nafion 117 membrane was pre-treated by heating in each of the following solutions at 60°C for 60 minutes: 0.1 M H2SO4, 0.1M H2O2 and finally in deionised water. CMI7000 ion exchange membrane was soaked in 5% NaCl for 12 hours prior to use.
Operating conditions
The anode and cathode were connected to a resistor of 2 KΩ. We have previously determined, for the MFC systems we use, the internal resistance to be 2 KΩ at which external resistance the power output would theoretically be expected to be maximum. 
Analytical Procedures
2.3.1AO7 Decolourisation
The concentration of AO7 was measured at various time intervals using a UV-visible spectrophotometer at a wavelength of 484 nm which is the maximum absorption wavelength for the dye. The samples were first centrifuged at 8000 g for 10 minutes to remove the suspended biomass. The decolourisation efficiency was calculated by Ao and At are the absorbance units at the initial and each time point respectively. A time series is plotted for the absorbance values measured.
Electrochemical Analysis
The electric potential across the system was recorded every 10 minutes using a data acquisition system Picolog (Pico Technology, UK). The current through the unit was calculated using Ohm's Law: Ω The power produced was calculated using the following formula:
where P is power in Watts, I is current in amperes and V is the electric potential in volts.
The power and current per surface area of anode (25 cm 2 ) was used to calculate the power and current density. To carry out polarisation tests, each MFC unit was connected to various external resistances ranging from 10 Ω to 1 MΩ and the potential measured using a multimeter.
Chemical Oxygen demand, pH and ionic strength measurement
The COD was measured by the standard closed reflux titrimetric method described by Environment Agency (UK), based on APHA method 5220D. COD reagent-Ficodox ( Fisher Scientific) containing sulphuric acid, K2Cr2O7, Ag2SO4 was added to appropriately diluted samples and digested at 150ºC for two hours. The samples were then titrated against Ferrous Ammonium Sulphate (FAS, 0.025 M). The COD was calculated using the following formula: * * * where DF is the dilution factor, M is the molarity of FAS, Vb and Vs are the titrant volumes of FAS for blank and substrate respectively.
pH and ionic strength were measured using a calibrated benchtop combined pH and ionic strength meter (pH/CON 700 meter, Cole-Parmer, UK).
Coulombic Efficiency (CE)
The CE was calculated as follows [20] :
where M is the molecular weight of oxygen (32) ).
Enzyme Activity
The activity of laccase was measured using ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) as a substrate . A solution of 3 ml acetate buffer (100mM, pH 4.5), 0.1 ml ABTS (0.5 mM) and 0.1 ml of enzyme was used. The oxidation of ABTS by laccase was measured by a UV spectrophotometer at 420 nm [8] . The enzyme activity unit (U) was defined as the amount of enzyme required to oxidize 1.0µmol ABTS min -1 at 25°C [21] .
Detection of degradation metabolites by HPLC
The degradation products of AO7 were identified using high performance liquid chromatography. The HPLC system (DIONEX GS50) was equipped with a Phenomenex Gemini C18 reversed phase column (5 μm, 150 X 4.6 mm) and a Photodiode Array (PDA) detector (DIONEX PDA-100). Aromatic compounds were quantified using HPLC with known concentrations of reductive compounds of AO7, sulfanilic acid and 1-amino-2-naphthol. They were detected at wavelengths 248 nm and 284 nm respectively. The mobile phase consisted of 50% methanol and 50% 33 mM (pH 7) phosphate buffer. The presence of degradation products from the sample was confirmed by the retention times of the standards.
Toxicity Assay
The toxicity of the samples was measured by the Microtox toxicity assay using the bioluminescence bacteria Vibrio fischeri [22] . The samples were centrifuged at 4000g, the cells harvested, washed twice with sterile phosphate buffer and suspended in 2% NaCl.
Luminescence was measured using a Fluostar Optima plate reader. The absolute light units were recorded and IC50, a concentration which inhibits 50% of light was calculated for each sample. The IC50 concentrations were expressed as the COD equivalent of the samples.
Statistical analysis of data
All experimental data indicated on the graphs are the means of duplicate experiments unless otherwise stated and the error bars in the graphs represent the standard deviation of the mean (SD). Statistical analysis of data was conducted by one way analysis of variance (ANOVA) using SPSS statistics package.
Results and Discussion
AO7 decolourisation
The decolourisation of Acid Orange 7 was measured at the maximum absorption wavelength for the dye (484 nm). The overall removal efficiency was 89% dye removal in the reactor containing Nafion compared to systems where pH was automatically controlled (82%), where buffer strength was increased (80%) and where a cation exchange membrane was used (78%). There was greater than 50% colour removal within 48 hours for Nafioncontaining and automatically controlled pH systems (Figure 1 ).
At the end of the runs there was 78% COD reduction in the Nafion reactor followed by 76% in both pH control and buffer strength reactors. The CEM reactor showed a 74% COD reduction.
A combination of increased proton transport, mitigated pH changes in the cathode chamber (see section 3.2) and a high COD reduction are the likely reasons why Nafion performed better than other systems. Biologically, the azo bond is thought to be cleaved under anaerobic conditions in the anode chamber leading to decolourisation but the mechanism is not clear.
Since azo dyes are large and usually charged, they are likely to be reduced extracellularly. It has been suggested that the decolourisation process is a fortuitous one where azo dyes might act as an electron acceptor supplied by carriers of the electron transport chain. There also suggestions that decolourisation is due to non-specific extracellular reactions occurring between reduced compounds of anaerobic metabolism e.g. sulphides and the azo dyes. Others suggest that anaerobic reductive cleavage of the azo bond is aided by azoreductases, the electron shuttling being aided by soluble redox mediators e.g. flavins [23, 24] .
pH and salinity changes in the cathode chamber
The initial pH was 4.5 in all the reactors and 2.5 mS cm suggested that although the diffusion coefficient of the metal ions are much smaller than the protons for Nafion membrane, the concentration of these ions is 10 5 higher than the protons in a MFC [26] . Increase in both pH and ionic strength in CEM-MFC as compared to Nafion MFC may be explained in terms of higher cation transport as compared to proton transport.
Nafion had a better control over the metal ion transport from anode to cathodic chamber as compared to the CEM. This is evident in this study where there is an increase in ionic strength from 2.5 mS to 6.25 mS cm . The difference between Nafion and CEM ionic strength was statistically significant (p <0.05) as observed by independent sample t-test. The increase in ionic strength in Nafion-MFC is due to cation transport from anode as Nafion possesses undesired affinity for cation species other than protons [26] .
The increase in buffer strength from 100mM to 200mM maintained a similar pH range as the Nafion system suggesting that the increased salinity relative to the Nafion system may be the reason for its poorer dye decolourisation efficiency and lower maximum power density.
Current and Power generation
The maximum voltage recorded was 250 mV for the Nafion system. The other three systems Nafion performing better than CEM [27] . The Coulombic efficiency for Nafion was 1.13%;
for pH control 1.07%; for buffer strength 0.895% and for CEM 0.71%. The low coulombic efficiencies could be due to the azo dye out competing the anode for electrons generated via metabolism. Other anodic processes e.g. production of reduced end products such as acetate from pyruvate used as a cosubstrate could also account for the low CE's observed [28] . The improved power density in the Nafion system could be due to the reduction of metal ions migration and higher proton transport to the cathode minimising pH changes compared to other systems. This correlates with study by Scholz, 2008 which suggests that number of protons transported across Nafion is higher than CEM, thereby maintaining the pH equilibrium in Nafion system [17] . A similar system with 195 mg/L Acid Orange 7 (AO 7) as dye, Pt as catalyst and CMI 7000 as ion exchange membrane gave a Pmax value of 24 mW m -2 [29] .
Although the pH control MFC had better control over catholyte pH as compared to other systems, there was a significant increase in the ionic strength of the system. Based on salinity values the power density values for the pH control system would be expected to be intermediate between CEM and buffer strength systems. The fact that the power density of the pH control system was higher than that of the buffer strength CEM system suggests that maintaining optimal pH value in the cathode chamber to be more important to power generation than the differences in salinity in the systems tested. Figure 5 shows the trend for enzyme activity over time. Nafion 117 membrane was able to limit salinity and pH changes in the cathode chamber leading to prolonged enzyme activity in high cathodic overpotentials and is the main limiting factor of power production in MFCs [15] . The poor performance of the buffer and CEM systems with regard to enzyme activity is attributed to the production of OH -ions which have been known to hamper electron transfer from T1 to T2/T3 Cu sites in laccase [30] .
Enzyme Activity
Increasing the buffer strength from 100mM to 200 mM improved enzyme activity (Fig. 5 ).
This has also been observed in Pleurotus ostreatus laccase in which buffer strengths up to 100 mM increased the rate of enzyme activity [31] . In the case of CEM a large shift in pH as compared to the other systems, probably causes a big shift in the standard reduction potential of the ORR reaction which might lead to H2O2 formation (instead of water) causing negative feedback inhibition of laccase. The effect of H2O2 inhibition was observed by Milton et al, 2013 in a single chamber enzymatic fuel cell employing laccase for O2 reduction.
The pH profile for Trametes versicolor laccase is a bell shaped curve with optimum activity at 4.5 and decreasing gradually as the pH increases [32] . This might explain the better performance of the pH control system over the buffer strength and CEM systems. pH affects the total net charge of enzymes and the distribution of charges on their exterior surfaces and these changes affect the activity and structural stability of the enzyme.
The laccase activity in this study in the nafion system remained stable for a period of 24 hours after that constant loss in activity each day was observed. Incubated laccase from T.
versicolor in citrate buffer (pH 5) remained stable for 48 hours after which there was constant deactivation with a half-life of 7 days [33] .
Detection of degradation products through HPLC
HPLC analysis revealed the presence of sulfanilic acid and 1-amino-2-naphthol, the aromatic products of AO7 degradation ( Figure 6 ). The presence of these products from the analysis of the samples from day 3 to day 10 indicates their recalcitrant nature over time. The retention times were sulfanilic acid Rt= 1.7 mins and 1-amino-2-naphthol Rt= 2.7 mins respectively ( Figure 6 ).
Toxicity Testing
The Microtox toxicity assay conducted at the end of the run using Vibrio Fischeri indicated that the degradation products were toxic. The half maximal inhibitory concentration (IC50) for The toxicity of the degradation products sulfanilic acid and 1-amino-2-naphthol is widely reported in various literature but an independent study done in our lab suggests that this can be reduced by using a second aerobic treatment step [23] .
Conclusion
This study investigated various ways of mitigating pH changes in the cathode chambers of MFCs and their effect on laccase activity and decolourisation of a model azo dye Acid orange 7 in the anode chamber. The methods included using Nafion 117 and CMI7000 as membranes, automatic control of pH in the cathode chamber and using a high strength buffer.
Nafion 117 membrane was able to limit salinity and pH changes in the cathode chamber leading to prolonged enzyme activity and improved performance of the system in comparison to other MFCs. The pH optima for laccase is 4.5 and there is a gradual decrease in enzyme activity as the pH shifts from the optima. This is evident in MFC with CMI7000 membrane had the highest change in pH and ionic strength which contributed to low performance and decreased longevity of enzyme activity. The MFCs with pH control and increased buffer strength (200 mM) had higher power output due to better retention of enzyme activity than one with CMI7000 membrane. Although Nafion performed better than other MFCs, its cost may hinder its usage in wastewater treatments and scaled up reactors.
In the present study it is observed that pH control is essential for preserving laccase activity and increasing the performance of a MFC, but it does not guarantee sustained laccase activity that salinity increases also affects the activity and could be mitigated using a proton selective membrane. Therefore it is essential to decouple pH and salinity to develop efficient biocathodes for MFCs. Moreover, laccase has the versatility of being engineered to improve its efficiency. With the advent of protein engineering laccase holds potential to be an efficient catalyst for oxygen reduction reaction. 
Appendix
